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Understanding the mechanism of a chemical reaction requires measuring the structure of the reactant as it evolves into product. Many of the most intriguing and efficient photochemical and photobiological reactions take place on ultrafast time scales and their kinetics have been well characterized by femtosecond absorption and fluorescence spectroscopies (1) (2) (3) (4) (5) . Although x-ray diffraction is being developed for timeresolved structural studies of reactions, this approach is challenging to apply in the condensed phase and currently limited to processes slower than È100 ps (6) . Ultrafast vibrational spectroscopy is advantageous in this quest because it offers both excellent temporal and structural information (7) . The traditional picosecond timeresolution limitation (8) is being transcended through the use of femtosecond pulses in the infrared (IR) in multidimensional as well as direct time-resolved experiments of ultrafast chemical and biological processes (9) (10) (11) . The complementary Raman vibrational techniques have also advanced with the recent development of stimulated Raman in the femtosecond time domain (12, 13) , which is valuable because of its ability to interrogate biological processes in aqueous media. Here, we demonstrate the capabilities of femtosecond-stimulated Raman spectroscopy (FSRS) in studies of reaction dynamics by elucidating the molecular mechanism of the primary photochemical events in vision. In FSRS, two laser pulses drive the Raman transition: a picosecond BRaman pulse[ and a femtosecond broadband continuum Bprobe pulse[ that stimulates the scattering of any vibrational modes with frequencies between 600 and 2000 cm j1 . The use of the additional probe pulse to induce the Raman scattering offers a number of notable improvements over traditional timeresolved spontaneous Raman spectroscopy (14) , such as greatly enhanced cross sections and an order-of-magnitude improvement in time resolution (G100 fs) while maintaining excellent energy resolution (G15 cm j1 ) (15, 16) . The impulsive creation of vibrational coherence by the Raman and probe pulses reveals highly time-resolved vibrational structural information that is not accessible by incoherent processes such as spontaneous Raman.
The primary step in vision is the photochemical cis-trans isomerization of the 11-cis retinal chromophore in rhodopsin (Fig. 1A) . Production of the primary ground-state transient called photorhodopsin is one of the fastest photochemical reactions in nature and is complete in only 200 fs (17) . As a consequence, the reaction is extremely efficient, with a quantum yield of 0.65, and about 60% of the incident photon energy is stored in the first thermodynamically stable all-trans retinal photoproduct called bathorhodopsin. This stored energy is then used to drive activating conformational changes in the G protein-coupled receptor that eventually lead to visual sensation. Although a number of theoretical models have been proposed (18) (19) (20) to explain rhodopsin_s unique reactive properties, which are responsible for making it an excellent light receptor, many of the most critical questions about its photochemistry remain unanswered. For instance, the coordinates mediating fast excited-state decay, the role of the electronic excited state in the isomerization, the structure of retinal in photorhodopsin, and the nature of the reaction coordinate leading to bathorhodopsin are undefined.
We address these questions by acquiring femtosecond time-resolved vibrational spectra of retinal in rhodopsin throughout the reaction. Modeling of the vibrational structural features after rapid internal conversion to the ground state reveals the highly distorted structure of photorhodopsin. Surprisingly, a large fraction of the atomic rearrangement leading to the formation of fully isomerized bathorhodopsin is shown to occur in the ground electronic state. Vivid details of this Department of Chemistry, University of California, Berkeley, CA 94720, USA. *Present address: Department of Chemistry, Northwestern University, Evanston, IL 60208, USA. .To whom correspondence should be addressed. E-mail: rich@zinc.cchem.berkeley.edu structural evolution are revealed by the changing frequencies and lineshapes of key vibrational modes during the reaction.
FSRS spectra of rhodopsin after excitation with a 30-fs photochemical pump pulse centered at 500 nm are presented in Fig. 1B (21) . The reference vibrational spectrum of rhodopsin (bottom) includes the symmetric C0C ethylenic stretch at 1548 cm j1 , the fingerprint region from 1100 to 1300 cm j1 due to structurally sensitive C-C single-bond stretching and C-H rocking modes, and a feature at 969 cm j1 due to concerted hydrogen-out-of-plane (HOOP) wagging motion of the 11 and 12 hydrogens (22) . The bathorhodopsin reference spectrum at the top of Fig. 1B illustrates the isomerizationinduced changes in the intensity and frequency pattern in the fingerprint region as well as the HOOP region; the original mode at 969 cm j1 is red shifted and split into three separate peaks at 920, 875, and 850 cm j1 , assigned to isolated C 11 -H, C 10 -H, and C 12 -H wagging modes, respectively (22) .
The fingerprint pattern of photorhodopsin at 200 fs appears to be midway between those of 11-cis rhodopsin and all-trans bathorhodopsin. The features evolve into the bathorhodopsin spectrum over the next 800 fs. In particular, the peak at 1267 cm j1 decreases in intensity, whereas the bands at 1216 and 1237 cm j1 remain virtually unchanged. Surprisingly, we observed very intense, dispersive lineshapes in the HOOP region between 800 and 950 cm j1 at early times. The dispersive HOOP features evolve on the same time scale as the fingerprint bands into the expected three positive features of the bathorhodopsin spectrum. By 1 ps, vibrational cooling has narrowed and blue shifted all features, including the ethylenic stretching band, thereby completing the transformation to bathorhodopsin. These data show that there is considerable reactive evolution on the ground-state surface from 200 fs to 1 ps.
The dispersive lineshapes in the HOOP region at early time delays originate from our capability to monitor structural evolution on the time scale of the reaction in a coherent fashion. This observation can be understood by considering how stimulated Raman signals are generated (13) . The simultaneous action of picosecond Raman and femtosecond continuum probe pulses drives vibrational coherence in the sample (Fig. 2A) . The gating of this process relative to the photochemical pump is temporally well defined by the short (È20-fs) probe pulse. The subsequent coherent vibration of the molecules modulates the macroscopic sample polarization in the time domain, thereby giving rise to positive definite Stokes and anti-Stokes features in the energy domain. Because we detected these features through interference with the unscattered probe, the signal appears on top of the probe envelope. However, if the frequency of this coherent motion initiated by Raman and probe pulses changes during the vibrational dephasing time as shown in Fig. 2B , where the oscillator is chirped from low to high frequency, then the resulting lineshapes become dispersive. The specific lineshape in Fig. 2B , with a negative feature on the high-energy side, is distinctive of a shift from a low-to a high-frequency vibration during the free-induction decay of the vibrational oscillator (21) . Thus, the dispersive HOOP modes directly report on the dynamic structural relaxation of retinal as it evolves from the highenergy photorhodopsin transient to the groundstate bathorhodopsin product. The heterodyne detection scheme in FSRS is powerful in that it makes possible the observation of vibrational phase and frequency shifts that occur on a time scale shorter than the vibrational dephasing time.
We have simulated the spectral evolution of the HOOP features after internal conversion to the ground state using theory encompassing the above concepts (21) . The frequencies of three modes resulting from isolated C 10 -H, C 11 -H, and C 12 -H wagging motion were varied exponentially, and a fourth resulting from vibrationally excited but unreactive ground-state species was held constant at 959 cm j1 . This simple model is remarkably successful at reproducing the observed spectral dynamics in Fig. 2C . Not only do the simulated spectra duplicate the initially highly dispersive lineshapes, but they also reproduce the temporal evolution of these bands into the traditional bathorhodopsin features (Fig.  2D) . The model also yields transient vibrational frequencies of structures along the pathway from photorhodopsin to bathorhodopsin. The HOOP frequencies increase by È100 cm j1 from 200 fs to 2 ps with a È325-fs time constant (Fig. 2E) . Notably, all spectra were simulated with a single set of parameters that are not adjusted to fit the individual time points. The validity of our model is reinforced by the quantitative agreement between experiment and theory in light of the highly constrained parameters used in the simulations.
The evolution of the vibrational structure from 200 fs to 1 ps demonstrates that a large fraction of the net motion along the isomerization coordinate occurs on the ground-state surface. The most marked spectral change on this time scale occurs in the HOOP region where a È100-cm j1 blue shift occurs with a È325-fs time constant. We recently used vibrational modeling to demonstrate a close relationship between the degree of distortion of the polyene backbone and the anomalously low C 12 -H wagging frequency in bathorhodopsin (23) . Specifically, the frequencies of the C 11 -H and C 12 -H wagging modes in bathorhodopsin were explained by, at a minimum, the concurrence of same-sense 40-twists about the C 11 0C 12 and C 12 -C 13 bonds. This previous work suggests that the reduced HOOP frequencies in photorhodopsin are due to even greater distortions of the polyene backbone. The large HOOP frequency increases in the photo-to-batho transition are also physically reasonable because the restoring force for outof-plane hydrogen wagging motion should increase as the double bonds strengthen in the more planar bathorhodopsin product state.
To test this explanation, we extended the approach of Yan et al. (23) by using density functional theory (24) to calculate the Raman frequencies for intermediate retinal structures that describe the photo-to-batho transition. Structures with calculated wagging frequencies that were in good agreement with the experimental results are presented in Fig. 3 . The bathorhodopsin structure is twisted by -144-about the C 11 0C 12 and by 31-about the C 12 -C 13 bond, consistent with our earlier results, which only considered the position of the C 12 -H wag. Fitting all the wag frequency reductions requires additional twists about adjacent bonds. Bathorhodopsin exhibits intense lines in the Raman spectrum at 850, 875, and 920 cm j1 assigned to isolated C 12 -H, C 10 -H, and C 11 -H wagging modes, respectively. Vibrational calculations for the bathorhodopsin structure in Fig. 3C yielded features at 849 , 857, and 881 cm j1 in excellent agreement with experimental data, except for an underestimated C 11 -H wagging frequency. The photorhodopsin structure is more highly distorted, in particular about the C 9 0C 10 (45-), C 10 -C 11 (25-) , and C 11 0C 12 (-110-) bonds. With these larger twists, the overall shape of retinal is much more like that of 11-cis rhodopsin than all-trans bathorhodopsin, despite having a formally isomerized (110-) C 11 0C 12 bond. Transient frequencies of the isolated C 10 -H, C 11 -H, and C 12 -H wagging modes obtained from the analysis of the 200-fs FSRS spectrum appear at 772, 811, and 762 cm j1 , respectively. Calculated frequencies for these modes with the use of the proposed photorhodopsin structure (Fig. 3B) show good agreement with experimental data for the C 10 -H and C 11 -H modes (814 and 844 cm j1 , respectively), although the C 12 -H frequency is overestimated (853 cm j1 ). An alternative, but overall similar structure was found in which the C 10 -H and C 12 -H frequencies were calculated to drop by È70 cm j1 (835 and 798 cm j1 , respectively) with an overestimated C 11 -H frequency. In general, structures featuring only very specific combinations of backbone twists exhibited large frequency decreases compared with the bathorhodopsin structure.
Although future work certainly requires more detailed calculations that include protein interactions to provide more quantitative modeling of vibrational and energetic data, these results show that large-scale backbone distortions are capable of causing marked frequency drops in all the hydrogen wagging modes. The changes in vibrational structure observed by FSRS are thus best attributed to the dynamic ground-state relaxation of the initially highly twisted photorhodopsin structure as it evolves into bathorhodopsin.
Taken together, the data and modeling presented here are consistent with the following overall picture of the light-induced retinal isomerization that initiates vision (Fig. 4) : The reaction begins with rapid excited-state decay after Franck-Condon excitation. Because optical excitation is strongly allowed, the transition from the A g ground electronic state must populate an excited state having ungerade symmetry. Thus, any nuclear distortion that efficiently couples the Franck-Condon state to the ground state resulting in fast excited-state decay must be nontotally symmetric, such as the A 2 HOOP or backbone torsions. Critically, the isomerization can also only occur along nontotally symmetric coor- Absorption of a visible photon is followed by rapid motion out of the Franck-Condon region along high-frequency HOOP coordinates (vibrational period È36 fs) which carry the system toward a conical intersection in È50 fs. Curve crossing to the ground state to form highly distorted photorhodopsin is complete by È200 fs. The structural evolution of retinal on the groundstate surface along the C 11 0C 12 torsional as well as other coordinates produces all-trans bathorhodopsin in È1 ps. Also shown is the energy level diagram for coherent femtosecond-stimulated Raman probing of the ground-state molecular dynamics where (1) is a femtosecond photochemical pump pulse, (2) is a narrow bandwidth Raman pulse, and (3) is a broadband femtosecond probe.
dinates. The extremely short lifetime of the excited state (È50 fs), as established by transient absorption (17) , resonance Raman intensity analysis (25) , and spontaneous fluorescence measurements (26) , however, severely restricts the extent of atomic displacements that can occur on this time scale. Given the energy available to the chromophore, the maximum C 11 0C 12 dihedral angle that can be achieved in 50 fs is È50-, even if restrictions from the protein pocket are ignored (25, 27) . This suggests that the role of C 11 0C 12 torsional motion during the excitedstate lifetime is limited. The similarity of the vibrational period of the 969 cm j1 C 11 H0C 12 H HOOP (È36 fs) to the excited-state lifetime (È50 fs) supports its role in facilitating internal conversion. Additionally, resonance Raman intensity analysis shows quantitatively that retinal undergoes rapid distortion along the C 11 H0C 12 H HOOP coordinate after optical excitation as a consequence of the lowered overall symmetry of the molecule when bound to rhodopsin (25) . We thus conclude that excited-state decay through a conical intersection is mediated largely by fast HOOP motion.
Evolution along the C 11 0C 12 torsional coordinate after internal conversion leads to the formation of photorhodopsin with a formally isomerized (990-) C 11 0C 12 bond but an overall highly distorted structure. Adjacent single-and double-bond twists compensate for the local cis-trans isomerization resulting in an overall reactant-like shape that, although isomerized about the C 11 0C 12 bond, minimizes steric interactions with the protein pocket, thereby enabling the fast reaction rate (compare Fig. 3,  A and B) . The molecule then uses the È5000 cm j1 of energy available from rapid barrierless internal conversion as well as the È3000 cm j1 from the photo-to-batho relaxation to drive the larger scale structural changes necessary to form the all-trans bathorhodopsin photoproduct in È1 ps (Fig. 3C) . Thus, although the isomerization is initiated in the excited state and photorhodopsin is formally trans about the C 11 0C 12 bond, much of the geometric changes associated with the isomerization actually occur on the ground potential surface in the photo-to-batho transition. This result is a direct consequence of the different time scales for complete excitedstate decay (È200 fs) and bathorhodopsin formation (È1 ps) determined in this work.
This multidimensional model for rhodopsin isomerization, including a fast Bgating[ coordinate (HOOP), deviates substantially from the one-dimensional picture commonly used to describe photoisomerization reactions, where both electronic and nuclear dynamics occur along the same, slow torsional coordinate. Furthermore, these observations make it possible to better understand the role of the protein in determining rhodopsin_s unique reactivity. The tight binding pocket influences the reaction path in three ways: (i) It primes the molecule for rapid excited-state decay along the HOOP coordinate by pretwisting the retinal backbone, (ii) it restricts the possible motion of the excited chromophore through steric interactions with surrounding amino acids, thereby promoting reaction speed and resulting in a high isomerization quantum yield, and (iii) it captures the high-energy bathorhodopsin product and efficiently transfers this energy into protein conformational changes that activate the receptor. We anticipate that these concepts will be important in understanding many efficient photobiological reactions. A sea surface temperature (SST) record based on planktonic foraminiferal magnesium/calcium ratios from a site in the western equatorial Pacific warm pool reveals that glacial-interglacial oscillations in SST shifted from a period of 41,000 to 100,000 years at the mid-Pleistocene transition, 950,000 years before the present. SST changes at both periodicities were synchronous with eastern Pacific cold-tongue SSTs but preceded changes in continental ice volume. The timing and nature of tropical Pacific SST changes over the mid-Pleistocene transition implicate a shift in the periodicity of radiative forcing by atmospheric carbon dioxide as the cause of the switch in climate periodicities at this time.
In the mid-Pleistocene, È950 thousand years (ky) before the present (B.P.), the climate of Earth underwent profound changes in the length and intensity of its glacial cycles. This midPleistocene transition (MPT), as indicated by benthic foraminiferal d 18 O, was characterized by a change in the dominant periodicity of high-latitude climate oscillations from 41 ky to 100 ky; a positive shift in mean benthic d 18 O, generally ascribed to continental ice-sheet expansion; and an increase in the amplitude variability of d 18 O, attributed to more severe glaciations after 950 ky B.P. (1-3) . Most of the hypotheses offered to explain these changes involve high-latitude Northern Hemisphere processes such as ice-sheet or sea-ice dynamics (2, 4, 5) . Recent paleoclimatic reconstructions, however, have shown that during the MPT, the tropics also experienced major changes that resemble some aspects of high-latitude climate variability but also have their own unique patterns (6, 7) . Current hypotheses cannot fully explain these observations and the common
